M echanical ventilation is instituted in patients with acute respiratory failure to reduce the work of breathing and improve gas exchange (1) . Partial ventilatory support, in which the patient's inspiratory effort triggers delivery of a breath from the ventilator, is generally preferred to limit some of the complications associated with controlled mechanical ventilation (2) . Although partial ventilatory support allows the patient to interact with the ventilator and influence the pattern of breathing, asynchrony between the patient and ventilator can still occur. This patient-ventilator asynchrony can be influenced by a number of factors including the patient's respiratory system mechanics (3), breathing pattern (4), drive to breathe (5) , and/or ventilator settings (3) and type of interface used (6) , and this synchrony has been increasingly recognized as a major problem in the management of patients with respiratory failure (4, 7, 8) . Patient-ventilator asynchrony can be easily detected by observing the patient in those extreme situations in which he or she fights the ventilator; nevertheless, as previously reported, the vast majority of asynchronies occurs without major clinical signs (4, 9) .
Recent studies have demonstrated that bedside interpretation of air flow and airway pressure waveforms are helpful for recognizing patient-ventilator asynchrony and optimizing ventilator settings (4, (7) (8) (9) (10) . The ability of the clinician to identify asynchrony by visual inspection of the ventilator screen is likely influenced by factors such as the physician's expertise and the type of patient-ventilator interaction. Surprisingly, however, no study has systematically evaluated this aspect of intensive care unit (ICU) practice.
The aims of the present study were: 1) to assess the ability of ICU physicians to detect patient-ventilator asynchrony dur-
Objectives:
The value of visual inspection of ventilator waveforms in detecting patient-ventilator asynchronies in the intensive care unit has never been systematically evaluated. This study aims to assess intensive care unit physicians' ability to identify patient-ventilator asynchronies through ventilator waveforms.
Design: Prospective observational study. Setting: Intensive care unit of a University Hospital. Patients: Twenty-four patients receiving mechanical ventilation for acute respiratory failure.
Intervention: Forty-three 5-min reports displaying flow-time and airway pressure-time tracings were evaluated by 10 expert and 10 nonexpert, i.e., residents, intensive care unit physicians. The asynchronies identified by experts and nonexperts were compared with those ascertained by three independent examiners who evaluated the same reports displaying, additionally, tracings of diaphragm electrical activity.
Measurements and Main Results: Data were examined according to both breath-by-breath analysis and overall report analysis. Sensitivity, specificity, and positive and negative predictive values were determined. Sensitivity and positive predictive value were very low with breath-by-breath analysis (22% and 32%, respectively) and fairly increased with report analysis (55% and 44%, respectively). Conversely, specificity and negative predictive value were high with breath-by-breath analysis (91% and 86%, respectively) and slightly lower with report analysis (76% and 82%, respectively). Sensitivity was significantly higher for experts than for nonexperts for breath-by-breath analysis (28% vs. 16%, p < .05), but not for report analysis (63% vs. 46%, p ‫؍‬ .15). The prevalence of asynchronies increased at higher ventilator assistance and tidal volumes (p < .001 for both), whereas it decreased at higher respiratory rates and diaphragm electrical activity (p < .001 for both). At higher prevalence, sensitivity decreased significantly (p < .001).
Conclusions: The ability of intensive care unit physicians to recognize patient-ventilator asynchronies was overall quite low and decreased at higher prevalence; expertise significantly increased sensitivity for breath-by-breath analysis, whereas it only produced a trend toward improvement for report analysis. (Crit Care Med 2011; 39:2452-2457) KEY WORDS: mechanical ventilation; pressure support; patientventilator interaction; asynchrony; ineffective efforts ing pressure support (PS) ventilation by inspection of flow and pressure waveforms; 2) to determine the impact of physician expertise on the ability to recognize asynchronies; and 3) to ascertain the impact of different ventilator settings, breathing patterns, and neural respiratory drive on detection of asynchronies.
MATERIALS AND METHODS
The study was performed in the ICU of a University Hospital (Novara, Italy). The hospital's ethics committee approved the study and informed consent was obtained according to the national regulations.
Patients and Protocol. Flow, airway pressure (Paw), and diaphragm electrical activity (EAdi) were recorded using dedicated software, as previously described (11), from 24 patients with acute respiratory failure of varied etiology receiving PS.
EAdi was obtained through a nasogastric feeding tube with a multiple array of electrodes placed at its distal end (EAdi catheter; Maquet Critical Care, Sö lna, Sweden). Catheter placement and verification of correct positioning were done as previously described (11, 12) . Air flow, Paw, and EAdi were acquired from the ventilator through a RS232 interface at a sampling rate of 100 Hz, recorded by means of dedicated software (Nava Tracker Version 3.0; Maquet Critical Care), and processed using a customized software based on Microsoft Excel (Microsoft, Redmond, WA).
The inspiratory trigger was always set at 1/5 of the 2 L/min bias flow, whereas the expiratory trigger was always set at 25% of the peak inspiratory flow. The inspiratory rise time was set at 0 sec, which is the fastest rate of pressurization. Positive end-expiratory pressure values were those applied by the attending physicians, as clinically indicated. For each patient, we applied in random order for 20 mins two levels of PS: 1) the level set by the attending physician, as indicated for clinical use; and 2) a PS value obtained by either increasing or decreasing by 50% the previous level according to a computer-generated random sequence. One 5-min epoch of data was randomly extracted from each of the 48 recordings. Five reports were excluded because either the EAdi signal was not acquired (three reports) or the signal-to-noise ratio was too low to ascertain whether a neural effort was actually present (two reports). The flow-time and Pawtime tracings of the remaining 43 records were scaled to simulate the waveforms available on most ventilator screens and printed (booklet 1). An identical booklet that also included EAdi tracings was printed out (booklet 2). The report sequence was randomized to make it quite impossible for the observer to recognize tracings taken from the same patient.
ICU physicians were characterized according to their level of expertise. Group 1 included 12 expert (Ex) physicians working in the ICU medical at least for the last 3 yrs, whereas group 2 included 12 first-year ICU residents, considered nonexpert (N-Ex). Ten individuals were randomly selected from each group. All of them were asked to independently in booklet 1 identify the asynchronous events using previously published criteria (4, 8) . An appendix displayed representative waveforms and summarized rules to identify asynchronies (4, 8) . To simulate the "time pressure" that physicians might encounter at the bedside, they were given a maximum of 5 mins to analyze each report.
As previously described (4, 8) , ineffective efforts (IEs) were identified by a deflection in Paw corresponding to a decrease in expiratory flow not followed by either a ventilator cycle or an increase in inspiratory flow during a ventilator assisted breath; autotriggering (AT) was defined as a ventilator cycle without a preceding Paw deflection; double-triggering was characterized by the presence of two ventilator insufflations separated by a brief (i.e., less than half of the average inspiratory time) expiratory time, in which only the first cycle was properly triggered by the patient. Physicians were requested to mark any asynchronous event and label it as IE, AT, or doubletriggering.
Data Analysis. Three examiners (D.C., G.C., P.N.) with a specific expertise in patientventilator interaction independently reviewed the tracings of booklet 2. Predefined criteria to consider a swing in EAdi actually corresponding to a neural effort were an EAdi peak exceeding 1.0 V and at least twice as high as the ground noise level. Predefined criteria for considering an event asynchronous was the agreement between at least two examiners; noteworthy, however, the agreement among the three examiners was always 100%. This analysis was considered the gold standard.
The analysis performed by the 20 physicians on each breath of the 43 reports (i.e., presence and type of asynchrony) was matched with the gold standard, referred to as breath analysis (BA). Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (PLR), and negative likelihood ratio (NLR) were calculated for each physician. The physicians' performance in detecting asynchronies was also evaluated assessing their ability to recognize the reports with an asynchrony index (AI) exceeding 10% (4), referred to as report analysis (RA). The AI is calculated as the number of asynchronous events divided by the total respiratory rate (i.e., the sum of ventilator cycles and ineffective efforts) (4). After performing BA, we used this formula for calculating the AI of each report for all physicians and then classified each report as exceeding or not the 10% threshold. True and false identifications, as referenced to the gold standard, allowed determination of sensitivity, specificity, PPV, NPV, PLR, and NLR for each physician.
Mean and confidence interval [CI min Ϫ CI max] of sensitivity, specificity, PPV, NPV, PLR, and NLR were calculated for both BA and RA and then subdivided according to the level of experience (Ex and N-Ex). The normal distribution was confirmed by means of the Kolmogorov-Smirnov test and differences between groups were assessed by the unpaired t tests with Welch corrections. The influence of the rate of ventilator cycling and tidal volume (V T ), both on sensitivity (i.e., the ability to properly identify asynchronies) and prevalence of asynchronies, was ascertained using
RESULTS
Patient characteristics at enrollment are given in the supplemental table (see Supplemental Digital Content 1, http://links.lww.com/CCM/A269, providing patients' anthropometric data and ventilator settings for each report). Overall, 3731 mechanical breaths were evaluated. Twelve of 43 reports had an AI Ͼ10% (51% Ϯ 22%, mean Ϯ SD); in the remaining 31 reports the AI was 1% Ϯ 2% (mean Ϯ SD). IE, AT, and double-triggering accounted for 81.5%, 18.2%, and 0.3% of the asynchronies, respectively. Irrespective of physicians' expertise, sensitivity and PPV were very low with BA (22% and 32%, respectively) and increased to some extent with RA (55% and 44%, respectively). Conversely, specificity and NPV were higher with BA (91% and 86%, respectively) than with RA (76% and 82%, respectively). PLR was 2.3 (1.8 -2.9) for RA and 3.0 (2.3-3.6) for BA, which means that if asynchronies were detected by the investigators, the odds that there were in fact asynchronies was two to three times higher than in those situations in which asynchronies were not detected. The implications of this increase in likelihood, however, are considered to be minimal when PLR is included between two and five (13) . NLR, i.e., the likelihood of occurrence of asynchronies for the patients for whom asynchronies were not detected, was 0.58 (0.44 -0.73) for RA and 0.85 (0.80 -0.90) for BA (p Ͻ .05), which corresponds in both cases to a minimal decrease (see Supplemental Digital Content 2, http://links.lww.com/CCM/A269, which reports sensitivity, specificity, PPV, NPV, PLR, and NLR for both BA and RA).
As reported in Table 1 , sensitivity was significantly higher for Ex, as compared with N-Ex, with BA (28% vs. 16%, p Ͻ .05). With RA, PPV (51% vs. 38%, p Ͻ .05) and PLR (2.90 vs. 1.79, p Ͻ .05) were higher for Ex as opposed to N-Ex. Specificity, NPV, and NLR were not significantly different between Ex and N-Ex with both BA and RA.
The influence of PS level and EAdi on sensitivity and prevalence of asynchronies is presented in Table 2 . PS Ͼ12 cm H 2 O was characterized by lower sensitivity and higher prevalence of asynchronies as opposed to PS Ͻ12 cm H 2 O (p Ͻ .001). Quite the opposite, EAdi values Ͼ7 V were associated with higher sensitivity and lower prevalence of asynchronies in contrast to EAdi Ͻ7 V (p Ͻ .001). PS and EAdi cutoff were identified as the mean value of all 43 reports as shown in Supplemental Digital Content 1 (http://links.lww.com/CCM/A269). Table  3 illustrates the influence of V T and rate of ventilator cycling on prevalence of asynchronies and on likelihood of detection. At progressively higher V T , the ability of the subjects to recognize asynchronies significantly decreased, whereas their prevalence significantly increased. Conversely, at increasing rate of ventilator cycling, sensitivity progressively increased (p Ͻ .001), whereas the prevalence of asynchronies was significantly decreased (p Ͻ .001).
DISCUSSION
Our study shows that the ability to properly recognize patient-ventilator asynchronies by visual inspection of flow and Paw tracings is overall quite low and only moderately influenced by clinical expertise. ICU staff physicians are able to detect less than one-third of asynchronies, which is nevertheless significantly higher than the 16% detection rate by ICU residents. The rate of correct detection diminishes as the prevalence of asynchronies increases; this is influenced by support level, breathing pattern, and the patient's respiratory drive.
Although further studies are necessary to clarify the impact of patient-ventilator asynchronies on patients' outcome, there is growing perception of their importance (4, 9, 10) . Asynchronies may occur in up to 80% of mechanically ventilated patients (3, 14 -16) , a rate that is affected by several factors such as underlying disease (3), the patient's breathing pattern (9, 17) and drive (5, 17) , ventilator settings (3, 10, 17) , and sedative drugs (18) . Our data show that correct detection of the asynchronous events (i.e., sensitivity) varies inversely with respect to prevalence, indicating that waveform observation reduces its power to disclose asynchronies when the chance for them to occur is higher. Consistent with previous studies, we find that the prevalence of asynchronies increases at higher PS level (5, 7, 10) and lower neural drive to breathe (i.e., EAdi) (6) ( Table 2 ) and larger V T (5, 10) and lower respiratory rate (9) ( Table 3) . Prolongation of the mechanical insufflation and delivery of excessive V T are major determinants of asynchrony. A high V T is generally consequent to inspiratory support in excess of patients' respiratory mechanic impairment and ventilatory requirements; a low rate of ventilator cycling is a marker of the likelihood of asynchrony rather than a causative factor.
In our study, as already reported (4, 9), IEs are the most common form of asynchrony, whereas ATs are more frequent than double-triggerings. A study by Garcia-Raimundo et al (19) , that measured inspiratory muscle effort in patients undergoing PS, also found a high incidence of ATs. Quite the opposite, a study by Thille et al (4) , that did not assess inspiratory muscle activity, reported a low rate of ATs.
We have performed two forms of analysis. BA represents the best way to evaluate the accuracy of visual inspection of flow and Paw tracings to detect asynchronies. With RA, we aim to assess the ability to detect situations in which AI exceeded 10%, which is felt more clinically relevant. This 10% threshold, in fact, correlates with a higher rate of tracheotomy (4), longer duration of mechanical ventilation (4, 9) , and ICU and hospital length of stay (9) . Compared with BA, with RA, sensitivity is twice as great, making the performance of bedside waveform interpretation, especially by expert physicians, comparable to that of other commonly used tests and examinations requiring physician interpretation (20 -25) (see Supplemental Digital Content 3, http://links.lww.com/CCM/A269, which reports sensitivity and specificity of different diagnostic tests).
Our study has limitations that deserve discussion. Because it is a single-center study, our results might be not generalizable. One could also argue that some of the physicians included as "experts" may in fact be not so expert. Considering the specific scientific interest of our group in the field of mechanical ventilation, we believe that the skill of our physicians in staff in detecting asynchronies is at least as good as that of the average ICU physician. Nevertheless, to allow all the readers to test their ability to detect asynchronies, we publish all the reports used in the study online at the Web site, http:// asynchrony.med.unipmn.it/, we recommend accessing the Web site and following the instructions.
This study is based only on ventilator waveform interpretation and does not consider additional signs and parameters available at the bedside that may help in detecting asynchronies. Heart rate and blood pressure, for instance, are altered in those extreme situations in which the patient fights the ventilator, but, in general, they are not useful to recognize trigger asynchronies such as ineffective efforts, AT, and double-triggering; in fact, several authors refer to the sole observation of the ventilator screen to detect patient-ventilator asynchronies (4, 8, 26 -28) .
Sensitivity based on BA results in only 22% and remains below 30% even when assessed by Ex. These values might be consequent to a low pretest probability (29, 30) . Our pretest probability, however, is similar to that of other studies (4, 9, 19, 31, 32 ) (see Supplemental Digital Content 4, http://links.lww.com/CCM/A269, which reports pretest probability from previous studies).
Two previous studies evaluating computer algorithms for detecting ineffective efforts during both invasive (31, 32) and noninvasive (32) ventilation report sensitivity and specificity exceeding 90%. Both algorithms (31, 32) only consider IEs occurring during the expiratory phase, whereas IEs also occur during mechanical insufflation (4, 8, 11) , as depicted in Figures 1B and 1D , and would fail to detect IEs such as those illustrated in Figure 1D , in which variations in flow and Paw are minimal or virtually absent. In our study, the ability to recognize asynchronies varies from tracing to tracing. Figure 1 shows representative tracings from four different situations: the asynchronies shown in Figure 1A were easily detected by most of clinicians, those presented in Figure 1B -C were less frequently detected, whereas none was able to recognize the asynchronies depicted in Figure 1D . Other authors have proposed the use of additional signals reflecting patients effort (33, 34) to clarify ambiguous tracings. Although esophageal pressure has been widely used as a gold standard in identifying asynchronous events (4, 8, 19, 31) , we used EAdi that has been proposed as the best available signal to estimate patients' respiratory drive, because it is unaffected by poor neuromechanical coupling (35, 36) .
CONCLUSIONS
Although visual inspection of flow and airway pressure waveforms provides a gross estimate of patient-ventilator synchrony, a considerable number of asynchronies still remain undetected. Our results suggest the need for additional signals reflecting patients' inspiratory effort such as esophageal pressure, transdiaphragmatic pressure, or EAdi to facilitate recognition of these events. The ultimate clinical implication of enhancing detection of patient-ventilator asynchrony remains to be determined.
